Homogeneous charge compression ignition (HCCI) combustion enables internal combustion engines to achieve higher thermal efficiency and lower NOx emission than with conventional combustion systems. To control the ignition timing in accordance with the operating conditions is crucial for utilizing HCCI combustion engines. Adding hydrogen-containing gas is known to retard the autoignition of dimethyl ether (DME) considerably. The effective ignition control by hydrogen can expand the operation range of equivalence ratios and engine loads in HCCI combustion. This research investigated the mechanisms in the ignition control by the chemical kinetics analysis. The results show that the retarded ignition can be attributed to a consumption of OH by hydrogen during low-temperature oxidation of DME. The decreased OH concentration leads to retarded heat release and delays the onset of the high-temperature oxidation.
Introduction
It is expected that the use of homogeneous charge compression ignition (HCCI) combustion in internal combustion engines will result in higher thermal efficiency and lower NOx emissions than with conventional combustion systems. However, difficulties in controlling the ignition timing in accordance with the engine load are preventing HCCI combustion from practical application in vehicle engines. Adjusting the proportion of two fuels with different ignition properties has been reported as an effective technique to control the ignition timing and load in HCCI combustion [1] . However, this technique has not been practically used in vehicles because of the inconvenience of carrying two kinds of fuels.
Dimethyl ether (DME) has been studied as a clean alternative to diesel fuel due to its high cetane number and smokeless combustion characteristics [2] [3] [4] , and DME can be easily produced from methanol by the dehydration reaction [5] . There is a report of an idea to use a small amount of DME produced from methanol as an ignition promoter in a methanol direct-injection diesel engine [2] . Methanol can also be thermally decomposed into methanol reformed gas (MRG) which consists of hydrogen and carbon monoxide. Since both hydrogen and carbon monoxide have good anti-knocking properties [6] , MRG has been studied as a fuel for spark-ignition engines [7, 8] .
With this background, an HCCI combustion engine system that was fuelled with DME and MRG has been proposed [9] [10] [11] . Because the ignition properties of DME and MRG are very different, adjusting the proportion of the two fuels can control the ignition timing in an HCCI combustion engine fueled with the two. In addition to ignition control, production of DME and MRG by onboard reformers utilizing the exhaust gas heat of the engine has also been proposed, with an outline of the arrangement as shown in Figure 1 . Because the reactions to produce DME and MRG from methanol are endothermic, the heating values of the produced DME and MRG can be higher than the primary fuel. Therefore, methanol reformation using the engine exhaust gas heat could be utilized to recover waste heat from the engine. By combining efficient HCCI operation and waste heat recovery a system based on these processes can achieve a good overall thermal efficiency. The use of a single liquid fuel, methanol, also eliminates the inconvenience of having to carry two fuels and makes the HCCI combustion practically possible in vehicles. It is crucial to avoid a too early ignition to achieve higher load operation in HCCI engines, and hydrogen retards the autoignition of DME considerably [10] [11] . The ignition control effect by MRG is attributed to the hydrogen in MRG. Therefore, DME-reformed gases, which contain hydrogen, are also effective to control autoignition of DME [12] . This report investigates the reaction mechanisms in the ignition control of hydrogen by using chemical kinetics analysis.
Experiments and Calculations
The test engine used was a four stroke cycle single cylinder engine with a bore of 85mm, a stroke of 88mm and a compression ratio of 9.7. The fuel gases, dimethyl ether (DME; CH 3 OCH 3 ) and hydrogen (H 2 ), were stored in high-pressure cylinders and continuously supplied to the intake manifold of the engine as shown in Figure 2 . Fuel flow rates were separately controlled using needle valves and measured by mass flow meters (Oval). The in-cylinder pressure was measured with a piezoelectric pressure transducer (AVL GM12D) installed in the cylinder head. For each experimental condition, the pressure data for 100 cycles were averaged and used to calculate the mean in-cylinder gas temperature, the indicated mean effective pressure, the indicated thermal efficiency and the apparent rate of heat-release. Concentrations of CO and THC in the exhaust gas were measured with an NDIR analyzer and an FID analyzer respectively. The engine speed was set at 1000 rpm for all the experiments. The volumetric efficiency was controlled at 75% including fuel gases. The intake air was at room temperature without heating.
A chemical kinetics analysis using CHEMKIN II was performed to analyze the reaction mechanisms in the ignition control effect of hydrogen. The detailed reaction mechanism for DME oxidation reported by Curran et al. [13] [14] was employed in SENKIN adiabatic calculations. Volume changes and initial conditions for the calculation were determined according to the engine experiments.
Results and Discussions

Experimental results of ignition control by hydrogen in HCCI combustion
Previous research [9] has shown that MRG, which consists of hydrogen and carbon monoxide, has a large ignition control effect in HCCI combustion of DME. Figure 3 shows the effects of hydrogen and carbon monoxide on HCCI combustion of DME. The DME amount was fixed at a value that gives the equivalence ratio of 0.27 without the addition of hydrogen or carbon monoxide. The mole fraction of hydrogen or carbon monoxide to DME was varied from 0 to 1.5. Equivalence ratios which increase by the addition of hydrogen or carbon monoxide as indicated in the figures were calculated by the totally supplied fuels. Figure 4 shows a comparison of results with hydrogen and carbon monoxide at a 40% DME fraction. Figure 5 shows crank angles at the onset of heat release by the low-and high-temperature oxidation reactions (θ LTR , θ HTR ), the in-cylinder gas mean temperatures at the timings (T LTR , T HTR ) and cumulative apparent heat-release during the low-and high-temperature oxidation reactions (Q LTR , Q HTR ). These values are derived from the experimental results shown in Figure 3 .
The figures show that the addition of hydrogen or carbon monoxide retards the combustion phase in spite of the increased equivalence ratio, and the effect is clearly larger in the hydrogen addition. Though the hydrogen addition retards the timing of the second heat-release considerably, there is no remarkable change in the temperature at the timing. Hydrogen makes the first heat-release slower and effectively delays the temperature rise during the low-temperature oxidation of DME. Because of the delayed temperature-rise, the starting crank angle of the second heat-release is considerably retarded in spite of the absence of any remarkable change in the starting temperature of the high-temperature oxidation reactions. There is almost no change in the cumulative apparent heat release during the low-temperature oxidation Q LTR , while the heat release during the high-temperature oxidation Q HTR increases with the equivalence ratio. Figure 6 shows the in-cylinder pressure and the temperature for HCCI combustion of DME and hydrogen that were calculated using CHEMKIN II with the DME oxidation reaction kinetics model by Curran et al. [12, 13] . The calculated trends of the combustion phase retardation by the hydrogen addition are similar to the experimental results in Figure 3 . The DME oxidation model by Curran et al is qualitatively consistent with the experimental results in HCCI engines. The first step in the model is the production of CH 3 OCH 2 from DME. Though hydrogen abstraction from DME by oxygen is the initiation reaction, the largest part of the CH 3 OCH 2 is produced by the following hydrogen abstraction reaction with OH in the low-temperature oxidation of DME [14] . CH 3 OCH 3 + OH → CH 3 OCH 2 + H 2 O (1) The CH 3 OCH 2 reacts with O 2 or a third body to produce HCHO, OH, and other species. The produced HCHO consumes OH in the following reaction.
Reaction mechanism in the ignition control effect of hydrogen
HCHO + OH → CHO + H 2 O ( 2 ) Here OH is a chain carrier in the low-temperature oxidation. As a result of the production and consumption of OH, when d[OH]/dt becomes negative the chain branching terminates. When hydrogen and carbon monoxide are introduced to this low-temperature oxidation process of DME, they consume OH in the following reactions and suppress the consumption of CH 3 OCH 3 . (3) occurs at a 3 to 6 times higher rate than Reaction (4) in the temperature range from 700 to 1000K where the low-temperature oxidation reactions occur, as shown in Figure 7 . This causes the differences in the ignition control effect of hydrogen and carbon monoxide. The hydrogen produced from the reactions quickly combines with O 2 to produce HO 2 and the HO 2 If this reaction is dominant, the increased OH promotes the low-temperature oxidation. Figure 8 shows the rate constants for the two reactions between H and O 2 versus temperature. Reaction (5), producing HO 2 , is dominant over Reaction (7), producing OH and O, in the low-temperature oxidation regime. Therefore, H radicals produced in Reactions (3) and (4) do not increase the OH concentration. Overall, the introduced hydrogen converts the highly reactive OH into the less reactive HO 2 and H 2 O 2 . Figures 9 and 10 show the influence of hydrogen addition on the mol fractions of chemical species and temperature against crank angle in HCCI combustion of DME. The calculations are for H 2 /DME mol fractions of 0, 0.67, 1.0, and 1.5 with a constant DME amount which brings an equivalence ratio of φ=0.27 in the neat DME case. The increase in hydrogen decreases the OH concentration remarkably and retards the first peak of the OH concentration, and this subsequently retards consumption of CH 3 OCH 3 and formation of HCHO. An increase in the hydrogen fraction increases the peak concentrations of HO 2 and H 2 O 2 just before the high-temperature oxidation. The high-temperature oxidation starts with the dissociation of H 2 O 2 to 2OH and oxidizes intermittent species to H 2 O and CO 2 . The H 2 O 2 decreases and OH increases rapidly at around 1000K regardless of the hydrogen fraction; along with the abrupt increase in the OH concentration, CH 3 OCH 3 , CO, and H 2 are rapidly consumed producing H 2 O and CO 2 here. The cases with higher hydrogen fraction tend to have more OH during the high-temperature oxidation. This is because of the higher concentration of H 2 O 2 during the low-temperature oxidation and combustion process of hydrogen itself. Almost all the introduced hydrogen is consumed during the high-temperature oxidation, and the consumption of it during the low-temperature oxidation is quite small. Here, the combustion processes of hydrogen can be represented by Reactions (3), (5), (7) , and (8) (8) , and is the rate-determining process. However, Reaction (5) , another reaction between H and O 2 , is dominant over Reaction (7) in the temperature range below 1250K as shown in Figure 8 , and the combustion process of hydrogen does not proceed during the low-temperature oxidation of DME. The strongly retarded low-temperature oxidation brought about by the addition of hydrogen in the experiments can be attributed to the consumption of OH by hydrogen. The reduced OH concentration retards the H abstraction from CH 3 OCH 3 by OH and subsequent exothermic reactions during the low-temperature oxidation. While hydrogen does not affect the starting-temperature of the high-temperature oxidation, the onset of the second heat-release is retarded due to the delayed rise in temperature. (1) Hydrogen is an effective ignition controller for HCCI combustion of DME. Hydrogen makes the first heat-release slower and delays the rise in temperature during the low-temperature oxidation of DME. Because of the delayed rise in temperature, the starting crank angle of the second heat release is greatly delayed. There is no large change in the starting-temperature of the high-temperature oxidation. Hydrogen addition prevents a too early ignition and enables higher load operation in HCCI engines.
Conclusions
(2) The first step in the low-temperature oxidation of DME is hydrogen abstraction from DME, producing CH 3 OCH 2 . The largest part of CH 3 OCH 2 is produced in reaction with OH. When hydrogen is introduced to the low-temperature oxidation of DME, it reduces the OH concentration and retards the CH 3 OCH 3 consumption.
(3) Both hydrogen and carbon monoxide consume OH and retard H abstraction from DME by OH. The reaction of H 2 and OH is faster than the reaction of CO and OH, and hydrogen has a stronger effect of retarding autoignition of DME than carbon monoxide. (4) The reaction of H 2 and OH produces H 2 O and H. The H reacts with O 2 to produce HO 2 which reacts with H to produce H 2 O 2 . Though there is another reaction between H 2 and OH producing the highly reactive OH and O, the production of the less-reactive HO 2 is dominant during the low-temperature oxidation of DME. (5) Because the introduced hydrogen converts the highly reactive OH into less-reactive HO 2 and H 2 O 2 , the oxidation process and the heat release are retarded during the low-temperature oxidation of DME. (6) The retarded heat release delays the temperature-rise starting the high-temperature oxidation, while the starting temperature for the high-temperature oxidation is not influenced by hydrogen. (7) The combustion process of hydrogen is controlled by the reaction of H and O 2 producing OH and O. However， the reaction producing the less-reactive HO 2 is dominant in the temperature range of the low-temperature oxidation. Therefore, hydrogen combustion does not proceed during the low-temperature oxidation of DME. 
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